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ABSTRACT

The adsorption of a series of molecules on Ni{1lll) is studied by
U¥/visible spectroscopic ellipsometry. The spectra were analyzed within
a simple dielectric model. Chemisorption of molecules on the Ni{11ll)
surface produces a Qéak in the overlayer optical rssponse at 4.2 eV. This
abscrptié; peak is attributed to the selective enhancement of bulk
interband excitations resulting from perturbations of the metal orbitals

upon chemisorption.
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I, INTRODUCTION

Significant improvement in calculation technigque and experimental
expertise has led to a greater undgrstanding of the properties of atoms
and molecules bound to metal s#rfacese Details of the bonding interaction,
energies of occupied orbitals, and the ge@metricél arrangement of
adsorbed species can in some cases be deduced from a variety of experi~
mental probes, Recently, the combination of optical spectroscopy with
photoemission and band étructure calculations has'béen shown to be a
powerful tool for the investigation of the electronic redistribution
whichlcccurs ﬁéon chamisorpticnlﬁBe The success of experiments on
small molecules on metal surfaces, particularly those on Hngziand CO‘

Wlﬁs 455 single crystals, makes the prospect for studying the

on and Ni
chemisorption of larger molecules very good,

Because of the importance of these endeavors to such areas as catalysis,
studies of the fundamental electronic structures of large hydrocarbons
chemisorbed on meta; surfaces are now beginning to emerge. Of special
interest is the chemisorption behavior of unsaturated and aromatic
hydrocarbons. The low=lying electronic excited states of the molecular
adsorbate should be very sensitive indicators of the interactions
between the molecular 7 system and the metal. Photoemission experiments

on the chemisorption of unsaturated hydrocarbons onvNi(lll)G indicates that

the electronic structures of the adsorbates remain essentially unperturbed
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in the bonding process, even thoughthe molecular orbitals directly involved in
the bond formation shift to somewhat higher binding energy and broaden slightly
in energy. This result would suggest that the optical spectrum of a

chemisorbed monolayer should resemble the free molecule séectrum of the



adsorbate, with the changes in peak energy and line width revealing
details of the bonding interaction.

We have measured the visible- UV optical response of a series of
molecules adsorbed on a single crystal nickel (111) surface. The
molecules chosen for the initial investigation ranged from aza-
aromatic hydrocarbons, which are capable of interaction through either
their T systems or their nitrogen lone pairs, to aromatic ﬁydrocarbonsp
expected to bond exclusively through their T systems, and finally to
small molecules, which are capable of no 7 interactions and exhibit no
strong electronic excitations in this energy region,

The results we report here indicate that the yv-visible absorption
spectra for all the chemisorbed species are nearly identical, and there
is no evidence of molecular-type transitions. The UV-visible spectrum
of all the molecules chemisorbed on Ni(lll) consists of a singie
peak centered at v 4.2 eV which can be attributed to an enhancement
of a bulk metal inteiﬁand transition. The relationship of this transition
to the band structure of nickel and the specific metal orbitals perturbed

via chemisorption will be discussed.
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II. EXPERIMENTAL

The stainless steel vacuum chamber used in these experiments is pumped
by a titanium sublimation pump and a 400553 Varian Vacion pump in the triode
configuration. Typical operating Qreséures are lalecslotérr as measured by
an uncorrected ionization gauge. The predomihént“backgrcund gases are H }
Arg.CO, and CH4, in oxder of decreaéing abundance as measured by a UTI 100C
guadrupole résidual gas analyzer. The chamber is configured in two levels.
The upper level contains the liquid helium-cooled experimental stage, LEED/Augerxr
optics, quartz entrance and exit windows, aﬁ argon ion sputtering gun, variable
leak valve to a gas inlet line, and observation ports. The lower level houses
the sample heating stagé, aAtungsten filament, residual gas aﬁalyzer, ion gauge,
and additional observation ports., The sample is moved between levels with a
magnetically coﬁgled linear/rotary motion manipulator.

The nickel singie crystal sample was spark cut from a 3/8" diameter rod
of 99.999+% purity (Materials Research Cérpe) After a preliminary crientatipn
of the surface wit%nzc of the (111) face by Laue X-ray backscattering, the
back was ground parallel to the face. The 1/8" thick sample was then electron
beam welded to a specially machined 99.99 +% purity polycrystalline nickel
backing., The sample assembly was then carefully reoriented and polished to
within 1° of the (111) face. During the final polish i§ a slurry of .05u AlZOBf
the surface was swabbed at 30 minute . intervals with a solution containing glacial
acetic, nitric, sulfuric and phosphoric acids in relative proportion 5:3:1:1
heated to BQQCe This etching procedure removed surface layers damaged during

the stages of coarse polishing.
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Once in the vacuum chamber, the crystal was cleaned with several cycles
of argon ion sputtering follcweé by extensive annealing, Typical cleaning
involved 15 minutes of 2 Kv argon ion sputtering at an angle near 60° from
the surface normal, 15 minutes annealing near GOOOCy then an a&diﬁional
5 minutes sputtering followed by a final anneal for 20-25 minutes. The sample
was heated by lowering the crystal-backing assembly into the prongs. of an insulated
stage which can be raised to 5Kv above ground potential,. A tungsten filament
located cpposite the stage was heated to produce a high flux of thermaily
ejected éléctrons which then cross the gap and strike the crystal backing.
Terperature measurements were made using an optical pyrometer. Typical operating
conditions were a 4Kv poiential_and a current of 7mA to bring the sample to
600~?OOOCs After such a cleaning procedure, LEED and Auger analysis showed
highly ordered, clean nickel (llli surfaces. |

During ﬁhe experiments the crystal assembly was held in the copper end
of a ligquid helium cryostat. 'A secure mount was provided by mating a dovetail
machined into the crySﬁal backing with a female dovetail in the copper tip. A
small leaf‘sgfing praésiﬁg on the crystal backing prevented wobbling and produced
good thermal contact in the dovetail. Once in the holder, tﬁe manipulator
was unscrewed from the sample., This arrangement allowed sample cooling to
below 10K, as evidenced by continuous condensation of HZ at 1Oggtorre Two
irénwdcped gold/chromel thermocouples mounted on the cold tip provided
temperature estimates, but absolute measurements were prevented by the heating
of secondary iunétions at the vacuum feedthrough by the cryostat gas return
heatez.

2 75W high pressure Xe arc lamp in conjunction with a gpex Doublemate

monochromator equipped with ruled gratings blazed at 2500A produced light of
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sufficient intensity to 2350A free from broadband scattered light. = The
light exiting the monochromator was collected with a fused silica lens, reflected

£rom a Mng coated alum;num mirror, and passed through a MgF. Rochon prism

2
input polarizer onto the Samplé surface. The reflected light passed through
the fused silica analyzer polarizer and was detected by an EMI 95580 |
photomultiplier. The photomultiplier output was presented to a buffer
amplifier of typical gain 100 before passing to the analog=to-digital converter
for processing.

Two features of this system are considered extremely important.. Both
entrance and exit windows we?e s?écially constructed of UV-grade fused silica
components annealed at high temperature to minimize stress-induced
birefringence. The fused silica components were then attached to a pyrex
graded seal on a standard vacuum flange, and, when méunted and under vacuum,
display virtually no birefringence throughout the range of experimeﬁtal
wavelengths. The second feature, believed to be unique, is an opticél
path passing through hcles in the LEED/Auger optics. This was accomplished
by électxon discharge machining to prgvent warpage of the retarding
grids. This arrangement allows optical studies of overlayers of known
pericdicity and composition, thus eliminating errors in_surface adscrbate
structures examined due to variations in local pressures during adsorption
in separate LEED/Auger and optical spectroscopic eﬁperimentse-

The spectroscopic rotating analyzer ellipsometer used in‘these experiments
was built after a design by Aspnes. Detailed information regarding the
operation, calibration, and data analysis involved in using this type éf
instrument méy be found in references 7 and 8. Briefly, the elliptically polarized
light that exits the chamber passes through a polarizer rotating at 31.25 Hz,

producing a sinusoidally time-varying flux detected by the photomultiplier. The

signal is sent through a buffer amplifier to an ADAC model 1030 analog-to-digital
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converter interfaced to a Digital Equipment Corp, PDP11/03 laboratory micro-
computer. The analysis of this signal by the computer is triggered by cptiéal
ené@der circuitry on the analyzer motor. Mounted on the shaft o§ the rotating
analyzer is a nickel-plated, polished disc with 72 parallel cuts machined at
equal intervals around the circumference. At one point on the disc, an
" additional hole is drilled between two cut-=cuts. Two optical encoders are
aliéned with this disec to provide 72 trigger points for data collection and
a single trigger acting as the origin for the data triggers.

To ncrﬁalize the spectrum to the intensity of the excitation soﬁgce;
thé photomultiplier output is monitored by Kepco APH-2000M pﬁogrammable high
voltage supply, and the photomultiplier voltage is adjuétedlso that the average
DC signal level stays constant over the entire wavelength reéion of interest.
Signal averaging is achieved by programming the computer to collect data for
a speGified number of revolutions of the anaiyzere The moncchromator is then
turned to the next wavelength by a coﬁputer=contr@lled stepping motor, and
a delay is built into ﬁhe program ﬁc allow for mechanical vibrations to decay

B}

and the photomultiplier supply to adjust to the new signal level.

Data Acguisition and Reduction

Following the final annealing of the crystal, the sample assembly is
m@véd from the heatingvstage to the crystal stage. The cryostat'assembly is
moved into the optical path and the optical components are aiignedg Due to
the daily mo?ement of the samgie, the angle of incidence and beam positicns
on the input and output windows can vary significantly. The 1atternis not
a problem, but the former is a major difficulty which will be discussed further

below, If the experiments are to be'performed at low temperatures, the sample is
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cooled and a final alignment of the optics is often necessary due to

é@ntractions in the*txy@stateAfter the systemrhas been calibrated, a spectral

scan on the bare surface is performed. bThe gas of interest is then admitted

to the chamber and progress of the adsorption is monitoréd ellipsometrically at

a wavelength where the cveriayer is presumably transparent. A second spectral

scan is then collected and the two. data sets can be analyzed. If further treatmenc.
of the sample are to be done, they are all performed without moving any of

the system components.

9 10 5 beyond

While a detailed systematicbdiscussion of ellipsometry
the scope of this report, a brief introduction should serve as an aid to under-
standing the experiments and-their subseéuent intezpretaﬁiona Linearly
polarized light may be decomposed into electric field~compcnents.parallel
(p) and perpendicular (s) to the plane of incidence., Upon reflection from a
surface; the final polarization state is, in generalgeiliptic due to chagges
in the relative amplitude and phése of the two component fields, Ellipsometzy
relates these changes to the complex-dielectrié response functions cf'the
reflecéiég system. Inherent in the interpretation of ellipsometric &ata are
a number of assumptions which for many systems appear to be reasonable., One
assumes that the reflecting system can be described as a homogeneous, isotropic,
semi~infinite substrate exhibiting a sharp planar boundary, covered by one
@% more layers of uniform thickness,also ﬁcmogeneous énd isotropic. This system
is then embedded in some form of ambient surrounding, The applicability of
this model has been challenged, especially iw interpreting the behavior of

thin molecular layers and sub-monolayer films on atomically clean surfaces.

Several attempts have been made at describing the scattering of radiatiocn by
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atomic and molecular'systems in a more rigorous fashion, yet for the general
analysis of laboratory data they offer little prospect for fcatine applicability.
Some extensions to anisotropic”substratés and overlayers have been made, but
they remain difficult to apply} and the bulg of ellipsometric data continues
to be interpreted within'ﬁhis.simplified framework (see reference 103,

The guantities measured in ellipsometry may be exgressedvasz

o o |
0 E«:g £ tan ¥elA

Ty -
- where zp and ES are theAcnglex amplitude reflection coefficients for the
electric field a; the ;nterfaces In the simpiified model described above,
%é and ES are the Fresnel coefficients and are relateé to the optical properties
of the overlayer, substrate and ambient, as well as the angle of incidence.
For this model,
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where Eo is the refractive index of the ambient, 31 is the complex refractive
index of the substrate, and ¢O is the angle of incidence with respect to the
substrate normal., For any layered system, the Fresnel coefficients for

a givén layer j can be determined as

e

p.cosd, . = n: _cosd.

T sk ¢j®1 j=1 ¢3
n,.coso, + 0. CosQ .,

3 ¢3e1 j=1 .¢3

. n, .cosb, . = n.coso,
Tis = j-1 ¢J“1 J ¢3
n., .cosd, + n.coss,

j=1 ¢3*1 b ¢3

where now all refractive indices and angles are,in general,eomplex. For the



systems to be dealt with here, the three phase (ambient-overlayer-substrate)

ellipsometric equation can be expressed as

/2

9
]

~2 2 . 2 1
(4md/ho) (nfnQ sin ¢O)

where d is the thickness of the overlayer aéd Ao is the vacuum wavelength of
light. For all of the results presented here, the incident beam was about
600 from the surface nprmal and linéarly polarized at 36@ from the plane

of incidence.

Unlike classical null ellipscmeteréy rotating analyzer systems of this
type measure tan¥ and cosdA rather than VY and A directly. For the metal
systems investigated, the expected values of ¥ and A are such that there is
no ambiguity in convérting from'(ccsAp tan?)’to (A,¥) for further analysis.
The simplest type of analysis consists of the aifference between bare metal .
parameteés (E,?) and the corresponding vaiues for the covered metal at each
point in the spectrum. The difference functions »6?2?-? and 8A=A=A (the bar
indicating bare metal values) are, in general, complicated functions of the
overlayer dielectric properties and thickness, However, experience has
shown that most éf the spectral features can be gleaned from these simple
functions without resorting to sophisticatéd analyses, Figure la shows
the result of SA and &Y for a 104 layer of condensed annealed‘gyzazinea
Por comparison,l b demonstrates the result of analyzing for n and k. These
spectra also demgnétrate the sensitivity of the instrument for moderate
and strong absorption features in very thin layers. (Notice the resolved
vibronicvstructure in the low energy transition.} &s a standard tool,

difference spectra are not usually used to interpret spectral data. They
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are extremely useful, though, in regions where the overlayers are transparent,
where ¥« 0 and §A=d/Ao, so that the change in A can be used as a crude
measure of the thickness of the overlayer during an adsorption.

Two factors in these experiments make rigorous analyses of the spectra
difficult, The first involves unceitainty in the angle of incidence. For
/a given dielectric constant and wavelength of light, variations in the angle
of incidence by as little as OaOlO have pronounced influence on the values
of ¥ and A. Due to the nature of our sample mount, variations in the angle
of incidence as large as 1g arise on a daily basis. Measurements of this
rangle are subject to errors of approximately * O@loa Thus, the values of
optical constants‘iesulting from the analysis must not be regarded as . absolute
but used for aefining spectral features and as a means of comparison between
systems.

The second unge:tainty in the analysis is im the thickness of the overlayer.
Complete characterizatioﬁ of the overlayer requires three parameters: the
real and imaginary parts of the refracﬁive index, and the thickness of the
layer. éilipsometric measurements provide only two pieces of information,
so a third measurement must be made or inferred. The most common solution
is to make an ellipsometric measurement where the overlayer is assumed
transparent. The remaining variables, n and d, can be unigquely determined,
and the calculated thickness can then be used to calculate both n and k ‘at'
other wavelengths. A second methcdll involves making measuréments of ¥
and A at several thicknesses during the course of a deposition. A series of
solutions over a range of n and k values is calculated which make the thickness
a purely real quantity. When the sclutions for two different thicknesses

are plotted in n-k space, the intersections of the curves correspond to the
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n and k values shared by both measurements. If the assumption is made that
these n and k values are constant for all thicknesses, then the thickness of
the overlayer at the end of the adsorption run can be calculated and used

in the determination of n and k at different wavelengths. This approach

has proven to be useful for a number of condensed layer systems, but for

wvery thin layers and chemisorbed systems, this me;hod has been found to be
wreliable. The solution to this ‘problem’ which was f£inally adopted in our
analysis is a cautious comparison of the thickness of the overlayer expected
from exposure times and molecular dimensions with that obtained by minimizing
the absorption index in a region of expected transparency.

The frequency dependent_complex refractive index represents the desired
information about the respénse of the adsorbeé overlayer, and the method
used to obtain these values is straightforward. Each experimental spectrum
teiminates in a region where the overlayer is expected to be traisparénte
The values of Y and A measured for the bare and covered surféce are used,
in a linear approximation expansion of the exact ellipsometric equations,
which ar; applicable to layers where d <<cha An initial guess is made
for d and the complex refractive index is calculated. Successive values
for 4 are examined until k‘is minimized. ‘fhis value of the complex refractive
index and thickness are then used in an iteration scheme based on a Taylor
expansion of 0 in the complex refractive index. Iterations are performed
until the deviation of the calculated 0 values from measured D values is
within expected experimental error. This represents the first value of the
overlayer refractive index. The next point in the spectrum is analyzed in
the same way, using the best fit refractive index from the previous point

as the starting value for the iteration. The complex index is calculated

T e e e




at each point in the spectrum, and the final results are plotted as n and k
vs. A . Experience has shown that while the absolute values of nn and k
have a strong dependence on theé chosen £ilm thickness, the features in the

' spectrum remain undistorted until obviously erroneous thicknesses are used.
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III. RESULTS

The studies of chemisorbed molecules were all performed at room temperature
except where otherwise noted. Gases weré depositeé aﬁ pfessuzes in the 1058‘
torr range for several minutes until saturation occurred as measured by the
change in the ellipsometric parameter A. Auger and LEED results were cbtained
éfter_the ellipsometric spectra were recorded to minimize the effects of
electron beam damage to the coverlayers.

Condensed layers of gases were prepared by adsorption while the crystal
was cooled to 15K, Thicknesses ﬁere ménitéred ellipsgmetrically; and in
scme cases the overlayers were annealed at 150K and cooled back to 15K before
spectra were taken.

A1l the ellipsometric spectra were recorded with 0.5mm slits én the
monochromator (10A passband) and the data points were taken at 5A intervals.

Bach point was averaged over 200 revolutions of the analyzer,

Pyrazine, Pyridine, Benzene, and Naphthalene on Ni(lll)

The éﬁalyzed ellipsometric spectra of annealed condensed layersiof
pyrazine, pyridine, and naphthalene on Ni(1l1ll) at 15K are shown in Figures
2=4, Intense absorption peaks with vibronic structure are evident. The
spectrum of a thick layer of condensed benzene showed no absorption maxima in
this wavelength region, only the apparent onset of a 1érge peak at higher
energies, These spectra establish the positions of the molecular absorptions
in the adsorbed layer and will be useful in interpreting the spectra of the
corresponding chemisorbed species.

Pyrazine, pyridine, benzene, and naphthalene all appear to chemiscrb on
Ni(1ll) at room temperature, Saturation of the surface occurs after 3-5L

exposures, with a final 6A of about 0.5° = 0.7° at 3500A. The adsorption of
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pyridine leads to a very diffuse LEED pattern visible only at low electron
energies (figure 5)., LEED spots for the chemisorbed pyrazine were very
indistinct and subject to verygra§id detexicratioﬁ in the electron beam.
Naphthalene on Ehe other hand produces ve?y clear, reproducible patterns
which would deteriorate aftér longer beam exposures. From an initial set
of rings surrounding each clean surféce sgétg annealing to 350K produces
the pattern seen in figure 6. Although we make no assignment of these
patterns, similar results were cbtained on the Pt (111) surfacé%z
The spectrum of each of these chemisorbed molecules is shown.in Figures 7-10.
Bach absorption spectrum is dominated by one large, broad feature, which
is centered at 28504 in the case of pyrazine and benzene, and at 30504

for chemisorbed pyridine and naphthalene. None of the molecules studied

exhibited any absorption features in the visible region of the spectrum.

€O, 0., Ethanol on Ni({lll)

2

The -chemisorption of CO on Ni(11l) yielded the familar LEED patterr-
after saturation at 3L. The final 8A was 0.6° monitored at 30004, The UV
absorption spectrum is shown in Figure 11 and consists of a large, broad
peak centered at 28004,

Adsorption of O, at room temperature appears to undergo a rapid chemi-

2
sorption phase (6A%O@20 at 50004, -p (2x2) LEED pattern develops after 1.5L).

After this initial stage, a slow oxygen uptake is indicated by the ellipsometer,
with a finai 6Av2.0° and a LEED pattern characteristic of NiO after 300L.

The analyzed spectrum of chemisorbed O, is shown in figure 12, and again a

2

broad feature at 2900A is prominent. Prolonged exposure to form the NiO



had two effects on the analyzed spectrum. The magnitude of the analyzed
peak was markedly increased and the actual peak position was shifted
20 higher energy as seen in figure 13,

At room temperature, exposure of the crystal to ethanol leads to a
disordered chemisorbed phase, with SAs:OQBO at 5000A, The absorption
spectrum of this species is shown in figure 14 and exhibits a peak at
2750A., For comparison, a spectrum of a 100A thick layer of ethanol
condensed on Ni(l1ll) at 80K is shown on the same scale. No evidence

of an absorption peak is visible in the condensed layer spectrume
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IV. DISCUSSION

The electronic absorption spectra éf thick, annealed layers of
pyrazine, pyridine, and naphthaiene‘condensed on Mi{lll) show intense peaks
with sharp vibronic structure., As previously reported for pyrazine on
ﬁi(lll)lég the peak energies and vibrational spacings agree well with
those reported for the respective bulk crystals. The intense absorption
peaks which occur near 27004 in the spect:a of pyrazine and pyridine are

®
attributed to TN excitations (IBZu and lE respectively)lS, Similarly,

2

&
the absorption band in the spectrum of naphthalene isderived from two TT
: 16 ;
transitions, lB and lB . The additional feature in the condensed

3u 2u
pyrazine spectrum at 3300A corresponds to an nW* excitation out of a
nitrogen lone pair molecular orbital. This good correspondence with bulk
crystal transition energies and vibrational spacings indicates that, for
the case of weak interaction with thg metal, the adsorbed molecules
retain their molecular electronic structure and are only slightly perturbed
by the metal surfacea‘

In contrast to this behavior, the formation of a chemiscrption bénd
has a very pronounced effect on the optical spectrum. All traces of the
molecular transitions which appeared for the condensed payers are lost, and
a single intense, broad absorption band centered between 2800A and 31004
(v4.2 eV) dominates the UV spectrum. This absorption appears at approximately
the same energy and with the same shape for all the chemisorbed sgeéies
studied, suggesting that a feature of the chemisorption process, rather
than the molecular Prcgerties of the adsorbate, is responsible for the

' observed absorption peak. In light of the streng interband excitations

for the bulk nickel in this energy rangel7, it is likely that this spectral
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featuié criginates in chemiscrpti©n¥induced modificatiens in the optical
zesponsé of the metal substrate. .

Previous reflectance work on Hzﬁ 025 and CO on W(llO)l yielded a very
gimilar result: enhanced absorption at the energies of bulk interband
transitions, accompanied by removal of lower energy transitions which
appear in the clean metal spectrum. This behavior was attributed to a
chemisorption~induced quenching of W(110) surface iesonances {(which
were the initial states of the low-energy transitions), accompanied by a
rehybridization of bulk bands, thus changing the interband matrixz elements
slightly and emhancing bulk excitation intensities. This analysis was
supported by UPS data and theoretical calculations demonstrating tﬁe
éxistence of these surface zesonanceslg and by subsequent studies of the
anisotropy of the optical response of the adsorbate-covered surfaceze

This same mechanism has been used to explain effects of chemisorption

4,18

on phot@emissiog from Ni{(1il) . Chemisorption of HZ’ ng CO, etec.

‘causes electron emiésion from an s;zciike Ai surface state (0.25 eV below

EF on the clean surface) to shift to higher binding energy with increasing
coverage and eventually disappear, At the same time electron emission

from two sp=like Ai bulk bands increasese. Thié is interpreted as a

mixing of adsorbate orbitals with the tails of bulk bands at the surface

{the Al bulk bands having significant electron density in the surface
region), causing both the removal of the surface state and the rehybridization
which increases the interband matrix elements for excitations out of t%e Al

bulk states, The d-like A3 bulk state is affected very little in this

process, suggesting little participation of Ni d-orbitals in the chemisorption
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b@ndingsv Strong interaction of adsorbate orbitals with the Ni s-band
would alsallead to a highly delocalized adsorbate band spread out many
eV in energy, and this is supported by the absence of emission from an
adsorbate~like bonding Qrbital;

We believe.that the chemisorption=induced feature which we observe

in the optical spectrum at 4.2 eV is a direct result of this same

‘rehybridization of the Al_s~band that is indicated in the photoelectron

spectrum taken at ~20 eV, Although there are many interband contributions
to this region of the nickel abéorptign spectrum, band structure calculations
support the assignment of an optical transition at V4.5 eV to a Al‘% AS
excitation (i.e., out of the lower sp-like state), near the L poiﬁt in the
3=-D Brillouin zone {the {111] direction). This is illusﬁrated in Fig. 15,
Just as in the photoemission experiments,rehybridization of this Al state
upon chemisorption would change the Al -+ ﬁs matrix element, thus enhancing
this bulk transition.

Of the man§ contributions to the bulk nickel spectrum in this region,
only the Al Q‘AS transiticns near the L Qcigﬁ seem to be enhanced upon
chemisorption. This can be rationalized in terms of a rehybridization
of the ﬁl (SPZulike) statéé to increase the Pz character éf‘the state
{(z direction along the surface normal) near the surface as a chemical bond
to an adsorbate is formed. Such an increase in p cﬁaracter might lead to
better overlap with the d=1like AB final state, thus increasing the
intensity of these transitions. Excitations from theispmlike Al states
near the X-point [in the [100] direction), which should occur near 3.5 eV,
are not enhanced upon chemisorptioﬁ, probably because the bond formation

does not require signifiéant hybridization in the [100] direction. Thus,

19,20
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the chemisorption process seems to selectively enhance transitions from

the nickel sp-=1like bands aleng'the direction of the surface normal.,

Another feature of the optical spectra which is particularly striking
in comparing the spectra of the condensed and chemisorbed aromatic hydrocarbons
is the disappearance of qu;te strong molecular transitions upon chemisorption.
‘None of the intense WW* absorptions (nor the weaker nﬁﬁ of pyrazine),
which are prominent in the absorption spectra of even very thin condensed
layers, can be seen in the spectra of the resgpective chemisorbed species.
In the related photoemission work on Ni(lll)ég Himpsel, Knapp, and Eastman
{(H¥E) claim that there are no resonances from adsorbate valence orbitals

in the photoelectron spectra of H, and 02 on Ni(11l) because the adsorbate

2
bonding orbital interacts so strongly with the é»band of the metal that
it disperses in energy over the entire width of the S-band (Vw6 eV wide}.
However, earlier photoemission results of hydrocarbons chemisorbed on
Ni(111) by Demuth and Eastman (DE)6 were used to demonstrate that the
molecular orbitals of the adsorbate,even those involved with bond formation,
remain essentially intact after chemisorption. Thése adsorbate bonding
oxbitals seem to shift to higher binding energy and to broaden slightlv.
However, our results and those of HKE, which indicate strong S~band
contributions to the chemisorption process, seem to be at odds with the
DE picture.

We believe that our results and the ARUPS results of HKE are consistent
with the data presented by DE, but not with their interpretation of the data.
A closer examination of the DE photoelectron épectra shows first the

decrease in electron emission just below the Fermi ensrgy which is now known

to be due pzeaominantly to the removal of the Al surface state on the (111}
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surface of nickel (although very slight perturbations in the d-band emission
might also -be represented), In addition é@fthe electxon.emission

from the many low-lying adsorbate levels which seem.relativeiy unperturbed
from the gas phase, there is a broad resonance which occurs at V5 eV below EE
for all the adsorbates. DE assign this electron emission peak to-an

adsorbate T orbital which, after interaction with the metal, shifts to

higher binding energy relative to the gas phase. However, our results and
those of HKE, which imply the presence of this resonance even for adscrbates
which do not have a nearby valence orbital, strongly suggest that this

feature is in fact the enhanced electron emission from the lower Al state

of the substrate, and not due to a molecular adsorbate levele If this
iﬁtérpxetation is correct, then the electron emission from the adsorbate
bonding orbital is not represented in the photoelectron spectrum, or is at
least so broad as to be unresolved. These bonding orbitals, the 7 levels

of the unsaturated hydrocarbons, which would have been the initial states

for the lowést energy optical excitations, would thus be broadened greatly

so that the corresponding aﬁsorption peaks would mot be wisible, as is the
case for the systems wé have studied,

The removai of the Al surface state, the enhancement of the Al bulk
states, and the severe broadening of the adsorbate bonding levels, are all
consistent with the picture of nickel bonding mainlyvthrcugh‘its S=1like band
states., If our analysis of the photoelectron speétra of unsaturated
hydrocarbons on Ni(lll) is correct, the adsorbates interact with the metal
mainly through their T systems (with possiblé contributions from the
nitrogen lone palrs in the heteronuclear aromatics). The s~band participation
in the chemisorption process has been proposed previouslyQ”Zl’zzg especially

in comparisons with chemisorption on Pd or Pt, where the d-bands play a much
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larger role. Bonding of unsaturated hydrocarbons through their T systems
has also been supported by a wide variety of stu&ie521324e

Naturally the d-=band of Ni must participate to some extent in the chemisorption
process even though in the cases studied s-band contirbutions seem to dominate.
The degree of d-band character in ﬁhe chemisorption bond shcuid vary
with different adsorbates, and should be reflected in the optical spectrum.
Two features should indicate strong d-band interactions: perturbations of
interband excitations from d-like states, and the appearance of molecular
transitions in the absorption spectrum, since the adsorbate bonding orbital
should not be broadened greatly upon interaction with the d-band. In fact,
recent photoemission studies of Hz/Ni(lll)S indicate that there exists a
low-temparature phase in which the nickel d-bands appear to play a larger
role in the formation of the chemisorption bond, as determined from large
changes in the emission from the d-band states and from the appearance of
a resonance at 9 eV beéelow EF éttributed to the H szitala;'similér d=band
cggtxibutions have been noted for CO/Ni(lll)13°

Such éramatic changes in electronic structure must surely be apparent
in the optical spectrum at the appropriate energlies. We camnot, unfortunately,
probe the spectral regions of interest here because we are limited to working
in the visible-near UV, However, Rubloff and Freeoufzs have investigated
CO/Ni(111l) at higher energies using surface reflectance and electron loss
measurements. In addition to a peak in the ELS at V4 eV, which we can now
assign to an enhanced metal interband transition, there is an absorption

I* 5 Al of molecular

near 8 eV which could correspond, as they suggest, to the X
&
0 (i.e., a 50 + 27 excitation). This indicates d-band interaction in

addition to s-band contributions, which is consistent with the picture of CO
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bonding through the 50 orbital on carbon with back-bonding from the metal

» .
d=states into the 27 . Optical investigations of the perturbations of
these metal d-states should provide more information on the details of this

bonding interaction.



V. CONCLUSION

We have studied the optical respénse of molecules chemisorbed on
Ni(11l) surfaces in the visible-near UV region. The observed absorption
peak at 4.2 eV is assigned to a selective enhancement of the Al > AB
interband excitation near the L-point of the Brillouin zone. (i.e., in the
direction of the surface normal). Our results suggest that the T orbitals

'of the aromatic hydrocarbons (and perhaps the nitrogen. lone pairs in the
azabenzenes) interact strongly with the nickel s-band states in forming

the chemisorption bond.
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Figure Captions

Figure 1 a: The result of a simple difference spectrum (6A,8¥) for a 10A
thick, “condensed and annealed layer of pyrazine on Ni(11l)., &Y reflects
the absorbing properties of the layer while §A is most sensitive to the
refractive index.

Figure 1 bs Absorbance calculated from an iterative analysis assuming
a 10& thick layer. Compare the vibronic structure with that of a thick
layer in figure 2.

: 3 The analyged absorption spectrum fcr a 40A thick condensed,
annealed pyrazine layer on Ni(111).

‘‘‘‘‘ The analyzed absorption spectrum for a 658 thick condensed,

Fig
annealed layer of pyridine on Ni(111).

Figure 4: The analyzed absorption.spectrum for a 25Athick condensed,
annealed layer of naphthalene on Ni(111).

FPigure 5: The LEED pattern of pyridine chemisorbed on Ni(lll) at room
temperature. The beam energy is 66eV. (a) Photograph of the diffraction
pattern. (b) Sketch of the pattern. Nickel diffraction spots are
indicated by solid circles. Spots due to chemisorbed pyridine are indicated
by the open ocutlines,

Figure 6: Fhe LEED pattern of naphthalene chemisorbed on Ni(111) at‘raom
temperature after annealing at 80 C. The beam energy is 52eV. {(a) Photo-

graph of the diffraction pattern. (b) S&ketch of the pattern. Nickel
diffraction spots are indicated by solid circles. Spots due to chemiscrbed
naphthalene are indicated by solid and open ovals.

Figure 7: The analyzed absorption spectrum for chemisorbed pyrazine on Ni(11ll).
Figure 8: The analyzed absorption spectrum for chemisorbed pyridine on Ni(lll).
Figure 9: The analyzed absorption spectrum for chemisorbed benzene on Ni (111),
Figure 10: The analyzed absorption spectrum for chemisorbed naphthalene on Ni (11l
Figure 1ll: The analyzed absorption spectrum for chemisorbed CO on Ni(1l1ll).

gure 12: The analyzed absorption spectrum for chemisorbed oxygen on Ni(1lll).

Figure 13: The analyzed spectrum of epitaxial NiO formed after prolonged
exposure of the Ni{(l1ll) surface to oxygen.

Figure 14: The analyzed absorption spectra of chemisorbed ethanol (upper
curve) and a 100& layer of condensed ethanol (lower curve), shown on the
same scale for comparison.
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Figure 153 Calculated band structure of nickel including electron
correlation, taken from Ref., 20 (only the minority spin bands are shown.).
The lowest A, band is predominantly S-like, with significant P character
neay the L point (2 in the direction of the surface normal). Tﬁe highest
A, band is mainly d-like. The arrow indicates the interband transition

ag 4.2 eV which is enhanced upon chemisorption,
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